Recently the exotic cladoceran Daphnia lumholtzi has invaded freshwater systems throughout the southern and midwestern United States. We conducted regional surveys of eastern Kansas reservoirs to document the range expansion of D.lumholtzi. Daphnia lumholtzi was found in five of 35 reservoirs sampled in 1994, and 11 of the 35 reservoirs when re-sampled in 1997. In addition, we sampled 40 small ponds inaccessible to recreational boats, within the watershed of an invaded reservoir. We did not find D.lumholtzi in any of these ponds, suggesting that non-human dispersal mechanisms play an insignificant role in the range expansion of D.lumholtzi throughout the United States. Further experimentation, however, is needed to determine if the absence of D.lumholtzi from these small ponds is due to insufficient dispersal mechanisms or the inability of this invader to successfully colonize following arrival. Daphnia lumholtzi has broad limnological tolerances. However, invaded reservoirs tend to be larger in area, have higher Secchi disk depths, and lower total phosphorus, total nitrogen and chlorophyll a levels relative to non-invaded reservoirs. Analyses of preinvasion zooplankton communities indicate that D.lumholtzi may be invading reservoirs in which native Daphnia species are rare. While the long-term effects of the invasion of D.lumholtzi are unknown, it has the potential to dominate late summer zooplankton communities in eastern Kansas reservoirs. Therefore, we need to continue to survey and monitor invaded reservoirs to document the range expansion of D.lumholtzi and determine the long-term implications of the introduction of this invader.
Introduction
Natural communities and ecosystems are increasingly being disturbed. One major disturbance is the invasion of non-native species. Few communities and ecosystems in the world have remained unaffected by exotic species (Heywood, 1989) and in recent years, accelerated rates of invasions via human activity have intensified this threat (Carlton and Geller, 1993; Mills et al., 1993; Lodge, 1993) . For example, Mills et al. (Mills et al., 1993) reported that while over 139 species of aquatic organisms have been introduced into the Laurentian Great Lakes since the 1800s, roughly one third of these introductions have occurred in the past 30 years.
The majority of introduced species have little or no effect on native communities (Simberloff, 1981; Lodge, 1993; Williamson, 1996) . However, some have had dramatic impacts. The introduction of the zebra mussel, Dreissena polymorpha, into North American fresh waters illustrates the ecological and economic consequences that can be associated with aggressive biological invasions. Zebra mussels are efficient filter feeders that, unlike native clams, can attach themselves to substrates at high densities (Johnson and Padilla, 1996) . This has led to changes in water clarity (Leach, 1993) and nutrient recycling rates (Arnott and Vanni, 1996) , as well as to the displacement of native clams (Haag et al., 1993; Schloesser et al., 1998) . The presence of zebra mussels in North American systems has resulted in the clogging of water intake pipes and boat hull fouling, with costs estimated in excess of 5 billion dollars (Ludyanskiy et al., 1993) .
Recent research in invasion biology has focused on two general questions: (i) what attributes of a community make it susceptible to invasion? (Arthington and Mitchell, 1986; Barrett and Richardson, 1986; Orians, 1986; Swincer, 1986; Kruger et al., 1989; Lodge, 1993) and (ii) what attributes of an organism make it a good invader? (Bazzaz, 1986; Crawley, 1986; Ehrlich, 1986 Ehrlich, , 1989 Ashton and Mitchell, 1989; Lodge, 1993) . The goal of this past research has been to create a set of general rules governing invasibility, to allow the prediction and prevention of future invasions. The current invasion of the exotic cladoceran Daphnia lumholtzi provides a unique opportunity to study the processes associated with the introduction and subsequent range expansion of an exotic species (Havel et al., 1995) . Originally restricted to tropical regions of Africa, Asia and Australia (Benzie, 1988; Havel and Hebert, 1993) , D.lumholtzi's presence was first reported in the United States in 1991 from a reservoir in Texas (Sorenson and Sterner, 1992) . Since then it has been found in reservoirs in at least 16 states from Arizona to northern Illinois, and its range continues to expand (Havel and Hebert, 1993; Havel et al., unpublished data) .
With respect to community properties, it is widely accepted that many successful invasions are the result of an organism taking advantage of a vacant niche (Elton, 1958; Lodge, 1993) . Invading organisms are thus thought to be more successful in habitats where competition among native resident species is low (Crawley, 1986) . Unlike the seasonal patterns of native Daphnia, populations of D.lumholtzi peak in the late summer during periods of high water temperature (Work and Gophen, 1995; Havel et al., 1995; Stoeckel et al., 1996; Yurista et al., in press; Lennon, 1999) . Therefore, it is possible that D.lumholtzi is taking advantage of an open thermal niche that is characterized by low quality food resources, typical of late summer conditions in midwestern reservoirs (Lennon, 1999) .
Resistance to predation can also be an important determinant in invasion success (Crawley, 1986) . Daphnia lumholtzi is a large-bodied cladoceran with head and tail spines longer than those found on any North American daphnid (Havel and Hebert, 1993; Tollrian and Dodson, 1999) . Morphological structures, including spines, helmets and neckteeth, are common in Daphnia and have been shown to create handling difficulties for several invertebrate predators [see (Tollrian and Dodson, 1999) for review]. However, unlike the morphological defenses of native Daphnia, the spines of D.lumholtzi create handling difficulties for small vertebrate predators as well (Swaffar and O'Brien, 1996; Kolar and Wahl, 1998) . It is not known what role these structures play in determining the invasion success of D.lumholtzi. However, once it has invaded a system, predators may feed selectively upon native zooplankton, giving D.lumholtzi a competitive advantage (Swaffar and O'Brien, 1996) .
The successful range expansion of invasive organisms has often been associated with human activities (Elton, 1958; Ehlrich, 1986; Lodge, 1993) . In fact, it has been suggested that invasions are largely, if not exclusively, the result of human activities (Lodge, 1993) . While its actual dispersal mechanisms are unknown, Havel and Hebert (Havel and Hebert, 1993) hypothesized that D.lumholtzi is inadvertently dispersed within the United States by recreational boats. However, zooplankton dispersal may also occur by non-human mechanisms such as transport by waterfowl (Proctor, 1964; Proctor and Malone, 1965; Proctor et al., 1967; Saunders et al., 1993) , insects (Maguire, 1963) , salamanders (Bohonak and Whiteman, 1999) , crayfish (Moore and Faust, 1972) , flooding (Havel, unpublished data) and rivers (Stoeckel et al., 1996; Dzialowski and Lennon, personal observation) .
This study consists of two types of surveys. We conducted regional surveys of multiple-use Kansas reservoirs. A group of eastern Kansas reservoirs was surveyed in the summer of 1994, and again in the summer of 1997, to document the range expansion of D.lumholtzi over time. In addition, we attempted to identify site-specific characteristics of reservoirs that facilitate the invasion of D.lumholtzi, to determine the structure of pre-invasion zooplankton communities and to examine the ecological effects of D.lumholtzi on invaded zooplankton communities.
Secondly, we conducted a survey of ponds within the watershed of a reservoir known to support an existing population of D.lumholtzi. All the ponds sampled were inaccessible to recreational boats. If these ponds supported populations of D.lumholtzi, then we could conclude that non-human dispersal mechanisms are at times responsible for the dispersal of D.lumholtzi between water bodies.
Method

Reservoir surveys
Thirty-five eastern Kansas reservoirs ( Figure 1 ) were surveyed once in August or September of 1994, and again in August or September of 1997 (only 34 reservoirs were sampled in 1997 due to low water levels at LaCygne Wildlife Area). At each reservoir, all samples were collected 75-125 m from the dam, at the mid-point from the two shores of the reservoir. Sampling methods were consistent with those from similar surveys assessing the range expansion of D.lumholtzi in Missouri (Havel et al., 1995; Havel et al., unpublished data) . A Hydrolab H2O Surveyor was used to obtain depth profiles of temperature, oxygen, pH and conductivity at each reservoir. Reported values are epilimnetic averages based on the collected depth profiles. Surface water samples were collected and analyzed for total nitrogen, total phosphorus and chlorophyll a concentrations [see (Jones and Knowlton, 1993) for analytical methods].
Duplicate quantitative vertical zooplankton tows were taken with a 225 µm, 30 cm diameter plankton net. Zooplankton were immersed in club soda and preserved in 5% formalin. The complete samples were initially screened for the presence of D.lumholtzi. Cladocerans were then identified to species while copepods were identified to genus using Brooks (Brooks, 1957) and Edmondson (Edmondson, 1959) . Reported zooplankton densities are averages from duplicate tows, based on sub-sample counts. Sub-samples (1 ml) were taken from each sample until roughly 5% of the total volume of the sample was counted.
Pond survey
Forty small ponds were sampled in August and September of 1998. These ponds were located within the watershed of Clinton Reservoir, a large impoundment located 3 km west of Lawrence, KS (Figure 1) , that was invaded by D.lumholtzi prior to 1994 (Swaffar, 1995) . Each pond was located within 6 km of the reservoir. We took duplicate quantitative vertical zooplankton tows with a 225 µm, 30 cm diameter plankton net from the middle of each pond. In ponds that were too shallow to obtain vertical tows, we took qualitative horizontal tows. Zooplankton samples collected from these ponds were screened for the presence of D.lumholtzi.
Data analysis
Comparisons of 1997 site-specific limnological characteristics of reservoirs with and without D.lumholtzi were conducted using t-tests (Sokal and Rohlf, 1995) . Data that were not normally distributed were log-transformed, and in cases in which data were not transformable, we used non-parametric Mann-Whitney tests (Sokal and Rohlf, 1995) . In addition, a principal components analysis (PCA) was used to examine the relationships between the presence or absence of D.lumholtzi and the environmental variables that describe the reservoirs. The PCA was run on the correlation matrices of reservoir surface area, temperature, pH, conductivity, oxygen, total nitrogen, total phosphorus and chlorophyll a concentrations collected from each reservoir in 1997 (Manly, 1994) .
In order to obtain an initial estimate of the change in zooplankton community structure associated with the invasion of D.lumholtzi, we made a direct comparison of the pre-and post-invasion community for each of the seven reservoirs invaded after 1994. A single percent similarity index (PSI) was calculated for each reservoir:
where P = percentage similarity between samples 1 and 2, p 1i = percentage of species i in community sample 1, and p 2i = percentage of species i in community sample 2 (Krebs, 1989) . The PSI is a measure of similarity between the 1994 (sample 1) and 1997 (sample 2) zooplankton community within each reservoir. Since the goal of this analysis was to assess the potential impact of D.lumholtzi on native zooplankton communities, we calculated two PSI values for each of the seven reservoirs invaded after 1994. The first PSI was calculated with D.lumholtzi included in the analysis, and a second more conservative PSI was calculated without D.lumholtzi included in the analysis. We also calculated a single PSI value for each of the 22 reservoirs not invaded by D.lumholtzi as a measure of natural change in the zooplankton community structure. The average PSI values for invaded and non-invaded reservoirs were then compared to determine if the zooplankton communities of invaded reservoirs experienced a greater degree of change between the sampling dates relative to non-invaded reservoirs. If invaded reservoirs had lower PSI values than non-invaded reservoirs, this suggested that D.lumholtzi had a significant effect on invaded zooplankton communities. Differences in PSI values were assessed with t-tests (Sokal and Rohlf, 1995) .
Results
Reservoir survey
Analyses of the zooplankton samples from the 1994 survey revealed the presence of D.lumholtzi in five of the 35 reservoirs sampled: Clinton, Hillsdale, Melvern, Olathe and Pomona (Figure 1 ). Four of these reservoirs were larger than 1600 ha; densities of D.lumholtzi averaged 0.540 l -1 (S.E. = 2.88) and ranged from 0.004 l -1 to 1.510 l -1 . In 1997, we found D.lumholtzi present in 11 reservoirs, seven of which were invaded after 1994: John Redmond, Fall River, Auxiliary Make-up, Council Grove City, Wyandotte, Make-up and Lyon State (Figure 1 ). Densities of D.lumholtzi in these seven reservoirs averaged 1.787 l -1 (S.E. = 0.791) and ranged from 0.023 l -1 to 5.24 l -1 .
In 1997, we did not detect D.lumholtzi in Olathe Reservoir, one of the five reservoirs that supported populations in 1994. Olathe Reservoir had the lowest density (0.004 l -1 ) of D.lumholtzi and was the smallest (70 ha) of the five reservoirs invaded prior to 1994. Both univariate and multivariate statistics revealed differences in the limnological characteristics of reservoirs with and without D.lumholtzi (Tables I and II ; Figure 2 ). Our results, along with a summary of the environmental variables associated with the occurrence of D.lumholtzi in lakes and reservoirs throughout the United States, are illustrated in Table III . Reservoirs with D.lumholtzi had significantly lower levels of total nitrogen (t-test; P = 0.038), total phosphorus (t-test; P = 0.048) and chlorophyll a (t-test; P = 0.02), and significantly higher Secchi disk depths (t-test; P = 0.039). Reservoirs with D.lumholtzi tended to be larger, 1346 ha (S.E. = 408), than those without, 1033 ha (S.E. = 425), although the two means did not differ significantly (Mann-Whitney test; P = 0.086).
A principal component analysis revealed similar differences in the limnological characteristics of reservoirs with and without D.lumholtzi. The first three axes from the PCA explain 68% of the variance for the eight limnological variables collected in 1997 (Table II) . Axis I explains 29.6% of the variance and is characterized by Secchi disk depth, total nitrogen and total phosphorus. The second axis explains 23.2% of the variance and is characterized by chlorophyll a and temperature. The third axis explains 15.2% of the variance and is characterized by pH, area and temperature. Based on the plot of axes I and II, reservoirs with D.lumholtzi tend to cluster in the lower left quadrant (Figure 2 ), indicating Table I . Comparison of site-specific limnological characteristics of reservoirs with (n = 11) and without (n = 22) Daphnia lumholtzi collected from the 1997 survey. Probability values were derived from t-tests, except where data were not normally distributed and could not be transformed, in which case Mann-Whitney tests were used (denoted with *). In all cases, reported values are epilimnetic averages (standard error is denoted in the parentheses) of the raw data. The observed range of each variable is reported below the average that these reservoirs have high Secchi disk depths, and low levels of total nitrogen, total phosphorus and chlorophyll a. With respect to the plot of axes I and III, reservoirs with D.lumholtzi tend to cluster in the upper half of the graph, indicating that these reservoirs are large in area and have a high pH (Figure 2) . We analyzed the 1994 zooplankton samples to determine if reservoirs invaded after 1994 had significantly different species/genus densities prior to the invasion Havel et al. (1995) Densities/occurrence associated with Work and Gophen, (1995) high water temperatures Stoeckel et al. (1996) Davidson and Kelso (1997) Kolar et al. (1997) Lennon (1999) Life table studies indicate high water temperature optimum Secchi disk depth Sorenson and Sterner (1992) Density/occurrence associated with This study increased Secchi disk depth Nutrients
This study Occurrence associated with low levels of total nitrogen and phosphorus Havel et al. (1995) Occurrence associated with high levels of nitrate and nitrite Chlorophyll a This study Occurrence associated with low levels of chlorophyll a Oxygen Davidson and Kelso (1997) Density/occurrence associated with high dissolved oxygen concentrations Conductivity/salinity Havel et al. (1995) Density/occurrence associated with Work and Gophen (1995) high conductivity/salinity Davidson and Kelso (1997) of D.lumholtzi compared with the 22 reservoirs not invaded by D.lumholtzi. The seven reservoirs invaded by D.lumholtzi after 1994 had significantly lower (Mann-Whitney test; P = 0.0142) densities of native Daphnia spp. prior to the invasion of D.lumholtzi. The average density of daphnids in these seven reservoirs in 1994 was 0.423 (S.E. = 0.302) l -1 compared with 2.49 (S.E. = 0.662) l -1 for the 22 reservoirs not invaded by D.lumholtzi. There were no significant differences for any other species or genera.
The average PSI value calculated for the seven reservoirs invaded by D.lumholtzi after 1994 was significantly lower than the average PSI value for the 22 non-invaded reservoirs (63.4%; S.E. = 0.112) (Figure 3 ). This was true for both the average PSI calculated with (39.4%, t-test; P = 0.0025) and without (45.3%, t-test; P = 0.0095) D.lumholtzi included in the analysis. Therefore, there was a greater change in zooplankton community composition between 1994 and 1997 in reservoirs invaded by D.lumholtzi relative to non-invaded reservoirs. The range of PSI values calculated for the 22 non-invaded reservoirs was 35 to 90% (Figure 3) , and at least one of the PSI values (with or without D.lumholtzi included in the analysis) from three of the seven reservoirs invaded after 1994 were outside of this range (Figures 3 and 4) .
Pond survey
We sampled 40 small ponds located within the watershed of Clinton Reservoir (Figures 1 and 5) . Examination of the zooplankton samples collected from these 40 ponds in the summer of 1998 revealed that D.lumholtzi was not present in any of the ponds ( Figure 5 ).
Discussion
Range expansion and dispersal
The range of D.lumholtzi is expanding throughout eastern Kansas. Our surveys indicated D.lumholtzi's presence in 32% of the reservoirs sampled in 1997 (11 of 34), more than twice as many as in 1994. These results are similar to those reported by Havel et al. [(Havel et al.1995) , and unpublished data] in which they found D.lumholtzi in 21% of the reservoirs in Missouri. In addition, we sampled 40 small ponds, inaccessible to recreational boats, located within the watershed of an invaded reservoir (Figures 1 and 5) . Daphnia lumholtzi was not detected in any of these ponds, suggesting that non-human dispersal mechanisms play an insignificant role in the range expansion of D.lumholtzi throughout the United States. Based on these results, however, it is difficult to distinguish between dispersal and persistence following colonization. For example, it is possible that the results from our study reflect the inability of D.lumholtzi to persist in small ponds following dispersal, due to unsuitable environmental conditions. In the United States, D.lumholtzi has been reported in reservoirs (Havel et al., 1995) , swamps (Davidson and Kelso, 1997) and rivers (Stoeckel et al., 1996) . To our knowledge, D.lumholtzi has never been reported in small ponds, which may in part be the result of a sampling bias, as sampling efforts have focused on lakes and reservoirs. Within its native range, however, D.lumholtzi occupies a variety of habitats including African rift valley lakes (Green, 1967) , small pools in India (W.J.O'Brien, personal observation), and stagnant pools, large impoundments and stock dams in Australia (Benzie, 1988) . Therefore, it is likely that D.lumholtzi could persist in small ponds within the United States. This could have been tested directly by adding individuals to these habitat types. However, we did not want to intentionally introduce D.lumholtzi into non-invaded habitats. Additional studies should look at the ability of D.lumholtzi to colonize mesocosms or in situ enclosures that mimic the abiotic and biotic conditions of habitats within the United States that are potentially susceptible to invasion.
There is also limited, but convincing experimental evidence suggesting that dispersal of zooplankton by non-human mechanisms is rare and sporadic (Jenkins, 1995; Jenkins and Buikema, 1998) . For example, in a one-year descriptive study of natural colonization, Jenkins and Buikema (Jenkins and Buikema, 1998) compared zooplankton community structure and function in 12 newly constructed ponds to determine whether similar zooplankton communities developed. Their results showed that zooplankton community composition is limited by dispersal. They found that not all zooplankton disperse readily, and that cladocerans invaded ponds at a much slower and more unpredictable rate than copepods and rotifers (Jenkins and Buikema, 1998) .
Similarly, genetic evidence supports the hypothesis that non-human dispersal of zooplankton between bodies of water is rare (Boileau and Hebert, 1991; Berg and Garton, 1994; Hebert and Wilson, 1994) . From a survey of the genetic structure of zooplankton populations in small ponds, Boileau and Taylor (Boileau and Taylor, 1994) found weak or insignificant correlations between genetic and geographic distances, indicating that dispersal was poor. Boileau and Hebert also failed to find a strong relationship between geographic proximity and the genetic similarity of zooplankton within ponds (Boileau and Hebert, 1991) .
Researchers have concluded that trailered boating activity is the most effective transport vector of zebra mussels to inland waters within the United States (Johnson and Carlton, 1996; Johnson and Padilla, 1996) . Johnson and Carlton report that transportation on entangled macrophytes and in live bait wells is the most common means of zebra mussel over-land transport (Johnson and Carlton, 1996) . Depending on the particular day, Johnson and Carlton (Johnson and Carlton, 1996) found that 0 to 31% of trailers at public boat ramps in Michigan had entangled vegetation. In 1998, there were more then 100 000 recreational boats registered in the state of Kansas (Kansas Department of Wildlife and Parks), and it is not uncommon for large reservoirs to receive over 130 000 boat trips/visits per year (David Rhodes, Army Corps of Engineers, personal communication).
Under stress, daphnids produce resting eggs or ephippia that are resistant to harsh environmental conditions (Hebert, 1978) . The production of a resting stage is highly correlated with invasion success in invertebrates (Hairston and Caceres, 1996; Hairston, 1998) . The ephippia of D.lumholtzi are especially well adapted for dispersal. The margin of D.lumholtzi's ephippia has a long point on each end and several small hairs along the dorsal edge of the egg (Benzie, 1988; Havel and Hebert, 1993) . These structures act as hooks (Fryer, 1996) and could aid in the attachment of ephippia to boats, or material transported by boats such as entangled macrophytes and ropes (Havel and Hebert, 1993) . For example, a large percentage of the diapause eggs produced by the copepod Diaptomus sanguineus can be retained on macrophytes for long periods of time ( Caceres and Hairston, 1998) .
Daphnia lumholtzi may have established potentially viable populations in additional reservoirs by depositing ephippia in the lake sediment, where they can accumulate and remain viable for long periods of time [see (Hairston, 1996) for review]. The environmental factors that regulate diapause termination and hatching are important in understanding the role of ephippia in the ecological dynamics of Daphnia populations (Moriera dos Santos and Persoone, 1998). While the factors that release D.lumholtzi from diapause in the late summer are unknown, desiccation (Stross, 1965a) , temperature (Stross, 1965a; Wolf and Carvalho, 1989; Pfender and Deng, 1998) , photoperiod (Stross, 1965b (Stross, , 1966 Pfender and Deng, 1998) and storage time (Moriera dos Santos and Persoone, 1998) have all been shown to release Daphnia from diapause. Based on D.lumholtzi's tropical origin, it is likely that temperature plays an important role in its late summer emergence. Several studies have shown that the appearance of D.lumholtzi in the plankton of midwestern reservoirs is highly correlated with water temperatures between 25-31°C (Lennon, 1999; Yurista et al., in press ). Controlled life table experiments also confirm that D.lumholtzi performs well at elevated temperatures (Lennon, 1999) . Thus, the summer warming of midwestern reservoirs may be the trigger that releases D.lumholtzi from diapause and a key factor in determining D.lumholtzi's competitive interactions.
If temperature is the primary cue that releases D.lumholtzi from diapause, its northern range expansion may be limited. This may be important in temperate first-order dimictic lakes in which hypolimnetic water temperatures never exceed 4°C. Summer surface water temperatures in these northern lakes may be within D.lumholtzi's temperature optimum (Lennon, 1999) , but ephippia in the sediment may never come into contact with water warm enough to initiate hatching. Therefore, an understanding of the factors that release D.lumholtzi from diapause may also be important in predicting this species' northern range expansion.
Potential site-specific characteristics facilitating invasion
The analysis of the site-specific limnological data of reservoirs invaded by D.lumholtzi indicates that this species is able to occupy reservoirs over a broad range of limnological characteristics. We found that there were several differences in the limnology of reservoirs with and without D.lumholtzi. Reservoirs invaded by D.lumholtzi tended to be somewhat larger in surface area. This is consistent with the results from similar surveys (Table III) and, as pointed out by Swaffar (Swaffar, 1995) , adheres to MacArthur and Wilson's (MacArthur and Wilson, 1967 ) equilibrium theory of island biogeography. For example, larger lakes/islands should be invaded at a faster rate because of greater rates of immigration associated with increased boater activity. In addition, larger lakes have greater habitat diversity. However, it appears that small reservoirs are also being invaded and that over time, D.lumholtzi may be dispersed to smaller lakes and water bodies such as ponds and wetlands. In 1997, five of the 11 invaded reservoirs were smaller than 1000 ha, compared with only one of the five invaded reservoirs in 1994.
Kansas reservoirs with D.lumholtzi were also typified by low total phosphorus, total nitrogen and chlorophyll a levels and high Secchi disk depths (Tables I and II; Figure 2 ). Total phosphorus is highly correlated with lake primary productivity (Smith, 1979) , and chlorophyll a is often used as a measure of algal biomass (Lampert and Sommer, 1997) , suggesting that reservoirs invaded by D.lumholtzi have low total algal biomass. Resource levels are important in determining the outcome of competitive interactions in zooplankton species (DeMott, 1989) . At low resource levels, larger species are thought to be better competitors than smaller species. Gliwicz showed that for eight species of filter-feeding cladocerans, the threshold food concentration, where assimilation is equal to respiration, is negatively correlated with body size (Gliwicz, 1990) . Daphnia lumholtzi was one of the largest daphnids found in our analysis of zooplankton samples collected from eastern Kansas reservoirs. Therefore, low resource levels may facilitate the invasion of D.lumholtzi, whereby it is able to take advantage of low quantity food resources more effectively than smaller native competitors.
In a similar analysis, Havel et al. (Havel et al., 1995) compared the limnological characteristics of invaded and non-invaded reservoirs in Missouri. In contrast to our results, reservoirs invaded by D.lumholtzi had significantly higher levels of nutrients (nitrate and nitrite) than non-invaded reservoirs [ (Havel et al., 1995) , Table 3 ]. These results further suggest that resource levels play an important role in the invasion of D.lumholtzi throughout the United States. However, the mechanisms by which invasion success is influenced by resource levels are unknown, and the discrepancy between the results of our study and those of Havel et al. (Havel et al., 1995) warrant further research.
Additionally, it is unclear whether the observed differences in the limnological characteristics of invaded reservoirs are the cause or the effect of the invasion of D.lumholtzi. Daphnia are considered keystone herbivores, presenting the major step in energy transfer from lower trophic levels, such as bacteria and algae, to higher tropic levels, such as planktivorous invertebrates and fishes (Stockner and Porter, 1988) . Changes in zooplankton species composition can lead to changes in the community structure of both lower and higher trophic levels (Hairston and Hairston, 1993) . For example, zooplankton exhibit species-specific nutrient recycling rates (Lehman, 1984; Sterner, 1989) , and shifts in zooplankton species composition can lead to changes in the relative rates of nutrients that are recycled into the water column Urabe et al., 1995) . Clearly, further experimentation is needed to assess the effects of nutrient dynamics on the invasion success of D.lumholtzi, as well as the effects of D.lumholtzi on ecosystem processes of invaded reservoirs.
Pre-invasion zooplankton community structure
Analysis of the zooplankton samples from the 1994 survey indicates that the seven reservoirs invaded after 1994 had significantly lower densities of native Daphnia prior to the invasion of D.lumholtzi. These results suggest that D.lumholtzi is taking advantage of an open niche in eastern Kansas reservoirs. If D.lumholtzi is entering the water column when native daphnids are absent or rare, it may be competing with species that traditionally fill this late summer niche. Populations of the genus Diaphanasoma consistently peak in the late summer when other cladocerans are rare (Kratz et al., 1987; DeMott, 1989) . Daphnids can depress Diaphanasoma densities when competing for a shared resource (DeMott and Kerfott, 1982) . DeMott and Kerfott found that in Lake Mitchell, VT, Diaphanasoma densities and growth rates were negatively correlated with Daphnia densities (DeMott and Kerfott, 1982) . We found that in 1997, densities of Diaphanasoma were significantly higher (t-test, square root transformed data; P-value = 0.0046) in reservoirs without D.lumholtzi (3.78 l -1 ; S.E. = 0.351) than in those with D.lumholtzi (1.33 l -1 ; S.E. = 0.763). Additionally, Yurista et al. (Yurista et al., in press) found that the summer invasion of D.lumholtzi pushed back the historical summer peak of Diaphanasoma in Kentucky Lake, KY. In order to determine the effects of D.lumholtzi on native communities, we must understand the interactions between D.lumholtzi and potential late summer competitors such as Diaphanasoma.
Potential effects on native food-webs
We calculated percent similarity indices (PSI) for two groups of reservoirs: reservoirs invaded by D.lumholtzi after 1994, and non-invaded reservoirs. We used the range of PSI values from the 22 reservoirs not invaded by D.lumholtzi (Figure 3 ) as an estimate of the natural change expected in the zooplankton communities over time. The average PSI value for invaded reservoirs was significantly lower than the average PSI of non-invaded reservoirs, indicating that the zooplankton communities of invaded reservoirs experienced a greater degree of change between 1994 and 1997 than non-invaded reservoirs (Figure 3) . Therefore, the addition of D.lumholtzi appears to have had a significant effect on the structure of invaded plankton communities in eastern Kansas reservoirs.
This was particularly pronounced in three reservoirs which had PSI values lower than the range of PSI values of non-invaded reservoirs (Figures 3 and 4) . In these three reservoirs, there was a decrease in native cladocerans associated with the invasion of D.lumholtzi. However, in both Wyandotte and John Redmond Reservoirs, there was also an increase in copepods (Figure 4 ). Therefore, we cannot attribute changes in zooplankton community structure in these two reservoirs solely to the addition of D.lumholtzi. In contrast, the addition of D.lumholtzi appears to have drastically altered the plankton community of Council Grove City Reservoir. In 1997, D.lumholtzi accounted for greater than 99% of the zooplankton community in Council Grove City Reservoir (Figure 4) . It is not known why D.lumholtzi dominated the summer plankton community of this reservoir. However, with the exception of two reservoirs, Council Grove City Reservoir had the lowest level of total nitrogen (0.25 mg l -1 ), total phosphorus (14 µg l -1 ) and chlorophyll a (3.6 µg l -1 ) of the 34 reservoirs sampled in 1997. This may be further evidence of D.lumholtzi's competitive advantage based on resource competition and food threshold levels.
Few studies have looked at the effects of D.lumholtzi on native zooplankton communities. Kolar et al. found a shift in the spring zooplankton community structure of Lake Springfield, IL, after the establishment of D.lumholtzi, but could not relate these changes to direct competition with D.lumholtzi (Kolar et al., 1997) . Similarly, in an analysis of the zooplankton community of Norris Reservoir, TN, Goulden et al. (Goulden et al., 1995) found little evidence of species replacement following the invasion of D.lumholtzi. Historically, the effects of zooplankton invasions have been minimal compared with those caused by other taxa (Mills et al., 1993) . An exception to this has been the recent invasion of the predatory cladoceran Bythotrephes cederstroemi. Yan and Pawson found that the introduction of B.cederstoemi into Harp Lake, Canada, led to changes throughout the lake's food web (Yan and Pawson, 1997) . Harp Lake experienced a decline in zooplankton species richness, and changes in both species composition and size distribution of zooplankton, due to size selective predation by B.cederstoemi.
Conclusion
Our surveys indicate that the range of D.lumholtzi is expanding throughout eastern Kansas, and initial evidence suggests that non-human dispersal mechanisms play a minor role in this range expansion. We suggest that an understanding of the factors that regulate diapause in this species are important in determining both dispersal rates and the outcome of competitive interactions. Daphnia lumholtzi has broad limnological tolerances and will likely invade reservoirs throughout the midwest. Initial evidence indicates that reservoirs invaded by D.lumholtzi have lower algal biomass, which may effect its competitive ability due to shifts in resource competition. Although it appears that D.lumholtzi has become an added component of the plankton communities of invaded reservoirs, our results indicate that it has the potential to dominate summer plankton communities. Therefore, we need to continue to survey reservoirs and closely monitor invaded reservoirs to document D.lumholtzi's range expansion and determine the long-term implications of the introduction of this exotic cladoceran into plankton communities of midwestern reservoirs.
